functions in flavonoid transport. TT19 is expressed in leaves (particularly during senescence), stems, and young siliques (Kitamura et al., 2004) . A TT19 promoter::GUS transgene directed high GUS activity to vascular tissues in the mid-vein of Arabidopsis leaves, and a flavonoid glycosyltransferase gene exhibits a similar expression pattern (Wenzel et al., 2008) . These data suggest that TT19 may be involved in long-distance transport of flavonoid-GST complexes (Fig. 2) , in addition to its proposed role in anthocyanin and PA production in the seed coat, consistent with the lack of pigmentation in leaves and stems of tt19 plants ( Kitamura et al., 2004) . Studies on flavonoid-auxin transport interactions in vegetative axillary bud branching also support this hypothesis (Lazar and Goodman, 2006) , and long-distance transport of flavonoids between cells or organs (eg. roots and shoots) has recently been demonstrated (Buer et al 2007) .
A Medicago GST gene is up-regulated by ectopic expression of either the Medicago LAP1 (Legume Anthocyanin Production) MYB transcription factor (which controls anthocyanin biosynthesis) or the Arabidopsis TT2 MYB transcription factor (which controls PA biosynthesis) (Pang et al., 2008; Peel et al., 2009) 
. The Medicago
GST gene is expressed in vegetative buds, petioles, stems, leaves, and flower tissues.
Interestingly, a Medicago anthocyanin transporter, MtMATE2, shows a similar tissuespecific expression pattern to that of the GST, particularly around vascular bundles in petals (J. Zhao and R.A. Dixon, unpublished data). Therefore, both a GST and MtMATE2 may be involved in long-distance transport of anthocyanins. It is possible that transported anthocyanins could ultimately serve as precursors of PAs through deglycosylation and subsequent conversion to epicatechin, thus providing an alternative explanation for the reduced PA phenotype of the tt19 mutation. Alternatively, AHA10 may be localized on the ER or on vesicles involved in PA transport from the cytosol to the vacuole (Fig. 2) . Vesicle trafficking-mediated PA transport may require AHA10 to supply energy. Therefore, definitively determining the subcellular localization of AHA10 is critical for explaining its biological functions in PA transport.
ARE PAS AND THEIR PRECURSORS TRANSPORTED BY VESICLE TRAFFICKING, MEMBRANE TRANSPORTERS, OR BOTH?
Early studies suggested that PAs are contained in cytoplasmic vesicle-like structures, and that these prevacuole-like vesicles can fuse with the central vacuole (Abrahams et al., 2002) . Vesicle trafficking has also been proposed to be involved in transport of anthocyanins from the cytosol into the central vacuole (Poustka et al, 2007; Pourcel et al., 7 2010 ). Recent studies show that Arabidopsis mutants with reduced PA production exhibit morphological defects in the central vacuole of the seed coat endothelial cells (Abrahams et al., 2003; Kitamura et al., 2004; Baxter et al., 2005) ; for example, PAs with a patchy, filamentous distribution pattern confined to prevacuole-like small vesicles are found in the tt18/tds4 mutants (Abrahams et al., 2003; Kitamura et al., 2004; Baxter et al., 2005) .
Tapetosomes, a unique type of vesicle from tapetum cells of Arabidopsis anthers, contain ER-derived flavonoids, oleosins from oil droplets, and alkanes and flavonoids which are released to the pollen surface upon tapetum cell death (Hsieh and Huang, 2007) . In wild-type Arabidopsis, flavonoids are localized in the ER network and ERderived tapetosomes, but are mostly in the cytosol and not associated with the tapetosome in the tt12 and tt19 mutants (Hsieh and Huang, 2007) . This suggests the possibility that TT12 and TT19 may be involved in transport of flavonoids into the ER lumen. If so, it is not clear if this is relevant for PA transport. PAs might be carried through ER-transport vesicles to the vacuole (Fig. 2) , and TT12 might be on any of the endomembranes involved in such trafficking, either in a functional state, as a passenger for the membrane protein targeting pathway, or both.
It is generally believed that PAs localize to cell walls in the coats of mature seeds.
How epicatechin or PA oligomers are transported out of endothelial cells across the vacuolar and plasma membranes remains unknown. It has been proposed that they are released when the vacuole bursts as a result of cell death during the seed desiccation process (Pourcel et al., 2005 (Debolt et al., 2009) . Proteomic studies showed that UTG8B1 is localized to the vacuolar membrane (Carter et al., 2004; Jaquinod et al., 2007) . Therefore, loss of function of TT15 may indirectly impair vacuolar transporter activity or vesicle trafficking associated with flavonoid sequestration. It will be of great interest to further pursue these ideas.
IS TT10 INVOLVED IN INITIAL PA OLIGOMERIZATION?
Among all characterized tt mutants, tt10 is probably the most interesting and mysterious.
TT10 encodes a putative laccase-like polyphenol oxidase that was proposed to participate in the oxidation and/or polymerization of PAs. TT10 has a predicted signal peptide for secretion into the apoplastic space, where it has been proposed to oxidize colorless PA oligomers into the oxidized, insoluble, brown PAs characteristic of the mature seed coat (Pourcel et al., 2005) . However, several questions remain unclear about the tt10 mutant phenotype.
tt10 mutant seed show a clear transparent testa phenotype, which is generally associated with a reduction in the levels of brown, oxidized PAs (Pourcel et al., 2005) ; the seeds do, however, gradually brown with age. Surprisingly, metabolite profiling shows that tt10 seeds have increased levels of soluble PAs and some flavonoids, but do not have lower levels of oxidized, brown PA products than wild-type seeds (Pourcel et al., 2005) . So why do tt10 seeds show a tt phenotype without the reduction in PA levels found in other tt mutants? Are there additional oxidized PA products that account for the difference but which cannot be extracted or detected using current techniques? Although TT10 has been proposed to catalyze formation of oxidized PAs linked with cell wall substances to form an insoluble complex in the apoplastic space, studies in which epicatechin was fed to split seeds of tt10 and wild-type Arabidopsis indicated that the products of oxidation of free epicatechin by TT10 are non-conventional, "incorrectly Epicatechin is present in Arabidopsis developing siliques but is hardly detectable in mature seeds (Abrahams et al., 2002) . However, among the tt19, tt12, tt10, and aha10 mutants, only tt10 has dramatically increased free epicatechin levels throughout seed development (Pourcel et al., 2005) , suggesting that TT10 is directly related to the metabolic fate of epicatechin via PA stability, polymerization, or subsequent catabolism.
Determining whether 3'-O-glucosylation is essential for stabilizing epicatechin, providing a substrate for TT12, or forming E3'G as an extension unit for PA polymerization, is critical for furthering our understanding of PA biosynthesis. While mature Arabidopsis seeds (except tt10) do not accumulate detectable levels of free epicatechin and E3'G, young M. truncatula seeds contain high levels of both (Marinova et al., 2007b; Pang et al., 2008) . M. truncatula UTG72L1 is expressed in the seed coat and shows high specificity for E3'G biosynthesis (Pang et al., 2008) , but the corresponding Arabidopsis epicatechin glycosyltransferase has yet to be identified.
PERSPECTIVES
Although TT12 and MATE1-mediated sequestration of E3'G into the central vacuole may provide the building unit(s) for PA polymerization, additional mechanisms may exist for transport of monomers for PA biosynthesis since tt12, aha10, and tt19 all retain low levels of PAs. Furthermore, the PAs of alfalfa, grapevine and other species consist of both epicatechin, as extension units, and catechin, as the starter unit, suggesting the possible need for additional transporters for catechin or some derivative thereof.
Among nineteen tt mutants identified from Arabidopsis, tt9, tt13 and tt17 remain to be characterized. These may represent lesions in genes encoding proteins similar to TT15 or AHA10, not directly involved in PA biosynthesis but indirectly affecting PA transport or polymerization pathways. Characterization of these mutants, coupled with biochemical analysis of polymerization mechanisms informed by the nature of the intermediates that are actually transported to the vacuole, may help reveal the remaining mysteries of PA transport and polymerization. Better understanding of these processes will ultimately help us to manipulate PA production in crop species.
In summary, in spite of the significant progress that has been made in understanding PA biosynthesis and its regulation in the past five years, many questions still remain unanswered, among which are the following:
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• Is TT12 only localized to the tonoplast, and do all PA monomers have to directly cross this membrane from the cytosol?
• If PAs are polymerized in the vacuole, how are they then transported to the extracellular space?
• How is TT19 involved in flavonoid transport? Is it also involved in long-distance transport of flavonoids, and, if so, does this process impact PA biosynthesis?
• How does AHA10 function in PA biosynthesis and what is its subcellular localization?
• Does glycosylation of epicatechin only facilitate vacuolar transport, or is it integral for PA polymerization?
• Is TT10 involved in initial polymerization of PAs in addition to oxidation of existing PA oligomers/polymers? 
